The Abl-family non-receptor tyrosine kinases are essential regulators of the cytoskeleton. They transduce diverse extracellular cues into cytoskeletal rearrangements that have dramatic effects on cell motility and morphogenesis. Recent biochemical and genetic studies have revealed several mechanisms that Abl-family kinases use to mediate these effects. Abl-family kinases stimulate actin polymerization through the activation of cortactin, hematopoietic lineage cell-specific protein (HS1), WASp-and WAVE-family proteins, and Rac1. They also attenuate cell contractility by inhibiting RhoA and altering adhesion dynamics. These pathways impinge on several physiological processes, including development and maintenance of the nervous and immune systems, and epithelial morphogenesis. Elucidating how Abl-family kinases are regulated, and where and when they coordinate cytoskeletal changes, is essential for garnering a better understanding of these complex processes.
Introduction
The Abl non-receptor tyrosine kinase has been the focus of intense research ever since mutant forms of Abl were identified as the transforming determinant of Abelson murine leukemia virus and the cause of chronic myelogenous leukemia (CML) (Wong and Witte, 2004) . Subsequent studies indicated that Abl-family kinases are essential transducers of signals from growth-factor, adhesion and axon-guidance receptors to the cytoskeleton. Of the 90 mammalian tyrosine kinases, Abl and Arg (Abl-related gene) are the only two that are known to interact directly with the cytoskeleton. Thus, in addition to phosphorylating substrates and interacting with effectors, Abl and Arg have the unique ability to both create and react to cytoskeletal changes that affect cell shape and movement.
Abl-family kinases include the vertebrate Abl (Abl1) and Arg (Abl2), Drosophila melanogaster dAbl, and Caenorhabditis elegans Abl (ABL-1). These proteins regulate several biological processes, including cell motility and morphogenesis, development and maintenance of the nervous and immune systems, response to genotoxic stress, and apoptosis. Their dysregulation leads to several pathological states. In addition to leukemia [CML and acute myeloid leukemia (AML)], recent evidence suggests possible roles in breast-cancer invasiveness (Srinivasan and Plattner, 2006; Srinivasan et al., 2008) , neurological disorders (Derkinderen et al., 2005) and microbial pathogenesis (Backert et al., 2008; Newsome et al., 2006) . Deciphering how these kinases are regulated and what pathways they modulate is crucial for understanding how to proceed in treating these diseases.
The most prominent and well-characterized processes that are coordinated by Abl-family kinases are changes in the cytoskeleton that lead to alterations in cell shape and movement. Cell migration and morphogenesis are complex processes that require the careful balance of numerous forces (Ridley et al., 2003; VicenteManzanares et al., 2005) . For example, actin polymerization provides the protrusive force at the leading edge of a cell to propel the membrane forward (Mitchison and Cramer, 1996; Pollard and Borisy, 2003; Ponti et al., 2004) . Following membrane protrusion, integrin receptors mediate cell adhesion to the extracellular matrix (ECM). These adhesions either turn over or mature into larger focal adhesions through the action of the RhoA GTPase. Actomyosin contractility then provides the force required to pull the cell body forward, and must be coordinated with the release of adhesions at the rear of the cell (de Rooij et al., 2005; Gupton and WatermanStorer, 2006; Jay et al., 1995; Jockusch et al., 1995; Lauffenburger and Horwitz, 1996; Mitchison and Cramer, 1996) . Abl-family kinases play important regulatory roles in each of these steps.
In addition to regulating cell-matrix adhesion and motility, Abl-family kinases also play a prominent role in regulating cell-cell adhesion. They are essential modulators of epithelial cell-cell adhesion, as well as of both neuronal and immune synapses. The role of Abl-family kinases in each of these contexts will be discussed in this Commentary.
Several recent advances in our understanding of the molecular mechanisms by which Abl-family kinases modulate the cytoskeleton and cell shape and movement have only strengthened the interest in the field. These advances, coupled with emerging evidence that Abl-family kinases play roles in several disease states, underscore the timeliness of reviewing what we know about Abl-family kinases and, importantly, what we still need to understand. In this Commentary, we review the basic architecture of Abl-family kinases, the biochemical and genetic factors that regulate their activity, the recent identification of several mechanisms that underlie their ability to modulate the cytoskeleton, and lastly the physiological processes that require Abl-family kinase function. the inactive conformation (Shi et al., 1995; Wang, 2004; Welch and Wang, 1993; Wen and Van Etten, 1997; Woodring et al., 2001; Xiong et al., 2008) . Stimulation of Abl and Arg kinase activity is initiated by release of the latch and clamp. It is likely that a ligand for the SH3 and/or SH2 domain binds to Abl or Arg, releasing the hold of these domains on the kinase domain. The intracellular domain of an activated receptor or a bound adaptor protein might act as this ligand (Fig. 2B, C) , because this mechanism is employed by several kinases. Phosphopeptides that interact with the Abl SH2 phosphotyrosinebinding pocket activate the kinase , and a similar mechanism is defined for both SH3-and SH2-binding ligands for Src-family kinases (Arias-Salgado et al., 2003; Moarefi et al., 1997; Porter et al., 2000; Sun et al., 2002) .
For full kinase activation, Abl and Arg must also be phosphorylated on two key tyrosine residues, one in the linker region between the SH2 and kinase domains (Abl Y245, Arg Y272), and the other in the activation loop of the kinase domain (Abl Y412, Arg Y439) (Brasher and Van Etten, 2000; Tanis et al., 2003) . These phosphotyrosines prevent reversion to the locked conformation and properly orient the catalytic site, respectively (Dorey et al., 2001; Johnson et al., 1996; Schindler et al., 2000) . These 'switch' tyrosines are phosphorylated by Src-family kinases or autophosphorylation in trans by a neighboring Abl or Arg molecule (Brasher and Van Etten, 2000; Tanis et al., 2003) (Fig. 2D) .
Pathways that activate Abl-family kinases
Identifying the receptors and pathways that engage Abl-family kinases is essential to understand how, and in what cellular contexts, they are regulated. Abl-family kinases are stimulated by a variety of upstream stimuli, including growth factors (Furstoss et al., 2002; Plattner et al., 2003; Plattner et al., 1999; Plattner et al., 2004) , cellmatrix and cell-cell adhesion (Hernandez et al., 2004; Huang et al., 2008; Lewis et al., 1996; Renshaw et al., 2000; Zandy et al., 2007) , DNA damage (Kharbanda et al., 1995) , oxidative stress (Cao et al., 2001; Sun et al., 2000) , and bacterial invasion (Backert et al., 2008; Burton et al., 2005; Newsome et al., 2006; Poppe et al., 2007; Tammer et al., 2007) . Exciting recent work has identified several mechanisms that involve both receptors and soluble proteins that enhance Abl and Arg kinase activity, and these are discussed below.
Activation by growth factors
Abl is phosphorylated and activated following stimulation of the epidermal growth factor receptor (EGFR) or platelet-derived growth factor receptor (PDGFR) with EGF or PDGF, respectively (Dorey et al., 2001; Plattner et al., 1999) . This activation is dependent on Src-family kinases, because Src -/-Yes -/-Fyn -/-cells do not display increased Abl activity when treated with these growth factors (Plattner et al., 1999) . PLCγ plays a role in this pathway, possibly by locally decreasing phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P 2 ] levels, which might contribute to inhibition of Abl-family kinases (see above) . Additionally, PDGF stimulates Abl-and Arg-mediated phosphorylation of the actin-regulating protein cortactin (see below) in a Src-dependent manner. Recent reports show that dysregulation of either of the ErbBfamily receptors (EGFR or Her-2), or of insulin-like growth factor receptor (IGFR) leads to constitutive activation of Abl-family kinases in invasive breast-cancer cell lines (Srinivasan and Plattner, 2006; Srinivasan et al., 2008) . Treatment with the Ablfamily-kinase-specific inhibitor STI-571 leads to reduced cell invasion. However, there are also reports that the EphB4 receptor signals to Abl-family kinases and reduces breast-cancer-cell invasion and viability through the Abl-Arg substrate CrkII (see below) (Noren et al., 2006) . Abl and Arg are known to bind to both EphB4 and EphB2 receptors directly via their SH2 domain and sequences in their C-termini, leading to reciprocal activation (Yu et al., 2001) . Although further study is required to understand these mechanisms, contributions from Src or increased expression of Abl in certain breast-cancer cell lines might explain the conflicting reports.
Activation through integrin-dependent adhesion
Fibroblasts plated on the ECM component fibronectin (an integrin ligand) or on an α5-integrin cross-linking antibody show increased Abl activation, as well as translocation of Abl from the nucleus to focal adhesions (sites of integrin-dependent cell adhesions to the ECM) (Lewis et al., 1996) . Plating fibroblasts on fibronectin also induces Abl-family-kinase-dependent membrane protrusions (Lapetina et al., 2009; Miller et al., 2004; Woodring et al., 2002; Radha et al., 2007; Jin and Wang, 2007) that are abrogated by treatment with STI-571. These effects are independent of Srcfamily kinases (Woodring et al., 2002) . Furthermore, Abl-family kinases promote neurite branching in primary cortical neurons when plated on laminin (an integrin ligand) (Moresco et al., 2005) ; this branching is significantly reduced by genetic or chemical inhibition of both Abl and Arg, or by treatment with the integrin inhibitor echistatin. Integrin adhesion also leads to the phosphorylation of several Abl-family-kinase substrates, including p190RhoGAP-A (Bradley et al., 2006; Hernandez et al., 2004) and cortactin (Lapetina et al., 2009) .
Interestingly, the short cytoplasmic tails of β-integrins can act as non-canonical SH3 or SH2 ligands for Src-and Syk-family kinases, respectively (Arias-Salgado et al., 2003; Woodside et al., 2002) . In both these cases, the integrin tails stimulate kinase activity. It is likely that Abl-family kinases employ a similar mechanism of activation by integrins (Fig. 2D) . Once localized to a region of integrin adhesion, they might interact with the integrin tails, releasing their inhibitory clamp. Subsequent phosphorylation in trans or by co-clustered Src-family kinases could lead to full kinase activation.
Other receptors
Several other receptors are implicated in the activation of Abl-family kinases, but the biochemical mechanisms that mediate these interactions are less clear. Abl interacts functionally with cadherin receptors in both C. elegans (Sheffield et al., 2007) and Drosophila Loureiro and Peifer, 1998; Rhee et al., 2007) , and a recent report suggests that cadherin-based adhesion induces Abl activity through the GTPase Rac1 (Rac) (see below) (Zandy et al., 2007) . Abl also binds to the nerve growthfactor receptor TrkA (Yano et al., 2000) and can be activated downstream of insulin-receptor signaling (Frasca et al., 2007) , as well as upon T-cell receptor engagement (Gu et al., 2007; Huang et al., 2008; Zipfel et al., 2004) . Several studies in Drosophila have genetically linked dAbl to several receptors that are required for nervous-system development, including the adhesion receptor dLAR and the chemorepellent receptor Robo . More recently, dAbl was found to interact genetically with the chemoattractant netrin receptor Frazzled (Dorsten et al., 2007; Forsthoefel et al., 2005) . dAbl binds directly to Frazzled, possibly modulating dAbl kinase activity.
The role of adaptor proteins
Activated surface receptors often engage intracellular signaling pathways by means of adaptor proteins. Several adaptor proteins are known to activate Abl-family kinases, including Nck1 (Smith et al., 1999) , CrkII (Reichman et al., 2005; Shishido et al., 2001) and Rin1 (Cao et al., 2008; Hu et al., 2005) .
Nck1 can bind to the PxxP motifs in Abl (Ren et al., 1994) , but these motifs are not required for Nck1-mediated Abl kinase activation (Smith et al., 1999) , suggesting an indirect mode of regulation in which Nck1 recruits other proteins to stimulate Abl kinase activity. Similar to Nck1, CrkII binds to the PxxP motifs of Abl (Ren et al., 1994) , and plays a role in actin polymerization and Abl-mediated membrane protrusions (Antoku et al., 2008) . Overexpression of wild-type CrkII leads to a modest enhancement of Abl-mediated phosphorylation of cellular proteins. Mutation of CrkII at Y221, which is normally phosphorylated by Abl (Feller et al., 1994) , leads to a much greater enhancement of Abl kinase activity (Shishido et al., 2001 ). This implies the existence of a negative-feedback loop in which CrkII can activate Abl, which then phosphorylates CrkII to prevent further Abl activation. It is clear that Nck1 and CrkII play a role in modulating Abl-family kinases, but physiological stimuli and mechanisms that initiate these interactions are unclear.
Rin1 is an effector of active Ras that acts as a guanine-nucleotide exchange factor (GEF) for Rab5 and a trans-activator of Abl and Arg (Bliss et al., 2006) . Rin1 binds to the SH3 domain of Arg, is phosphorylated by it and subsequently binds to the Arg SH2 domain (Hu et al., 2005) . Rin1 binding enhances Arg activity, which is further increased on expression of a constitutively active Ras, demonstrating regulatory crosstalk between Ras and Abl-family kinases.
Regulation of actin polymerization and cell shape by Abl-family kinases Changes in cell shape, mediated by actin polymerization, are arguably the most pronounced effects of Abl-family kinase activation. Following PDGF treatment, cells in culture normally undergo actin-mediated dorsal ruffle formation and peripheral membrane ruffling. Cells lacking Abl and/or Arg exhibit dramatically reduced ruffling, which is restored by re-expression of the kinases Plattner et al., 1999) . Similarly, fibroblasts deficient in Abl or Arg show reduced F-actin microspike extension (Woodring et al., 2004) and lamellipodial protrusions (Lapetina et al., 2009; Miller et al., 2004) when plated on fibronectin. Loss of Abl or Arg function also reduces actin-driven neurite branching of both neuroblastoma cells (Hernandez et al., 2004) and primary neurons (Moresco et al., 2005) following integrin adhesion. In each of these cases, reconstitution with Abl-family kinases restores the wild-type phenotype. Recently, work has begun to elucidate the biochemical mechanisms by which Abl-family kinases engage and activate the actin-polymerization machinery, and aspects of this work are discussed below.
Abl-family kinases activate WASp and WAVE proteins
There are five members of the WASp (Wiskott-Aldrich syndrome protein) and WAVE (WASp-family verprolin-homologous protein) family of proteins in mammals: WASp, neural (N)-WASp, WAVE1, WAVE2 and WAVE3 (Takenawa and Suetsugu, 2007; Pollitt and Insall, 2009) . These proteins use a domain in their C-terminus (the VCA domain) to interact with actin monomers and the Arp2/3 complex, which nucleates the formation of new actin branches from the sides of existing filaments. Their actin-polymerization-inducing function is implicated in a number of processes, including filopodial and lamellipodial extension, dorsal ruffling, podosome and invadopodium formation, and neurite extension.
WASp and N-WASp are regulated through an intramolecular interaction that leads to the occlusion of the VCA domain, preventing its binding to monomeric actin or Arp2/3 (Kim et al., 2000) . Binding of the small GTPase Cdc42 to N-WASp relieves this auto-inhibition, allowing N-WASp to stimulate Arp2/3-mediated actin polymerization (Rohatgi et al., 1999) . The adaptor Nck1, which binds to Abl and Arg (see above) (Antoku et al., 2008) , also stimulates N-WASp activity in a Cdc42-independent manner (Rivera et al., 2004; Rohatgi et al., 2001 ). Subsequent to effector binding, tyrosine phosphorylation of N-WASp prevents a return to its auto-inhibited state, thereby further stimulating actin polymerization (Suetsugu et al., 2002; Torres and Rosen, 2003) . Several non-receptor tyrosine kinases, including Abl (Burton et al., 2005) , phosphorylate N-WASp. In fact, Abl phosphorylation of N-WASp is essential for the ability of the bacterium Shigella flexneri to highjack cellular N-WASp in a Cdc42-independent manner to induce actin-comet formation (Burton et al., 2005) . This raises the intriguing possibility that Nck1 and Abl-family kinases work in a pathway that is parallel to the Cdc42-dependent pathway to stimulate N-WASp-mediated actin polymerization.
In contrast to WASp proteins, WAVE proteins are not held in an auto-inhibited conformation. Instead they are inhibited through the interaction of their N-terminal WAVE-homology domain (WHD) with an inhibitory complex comprising the proteins Abi1 or Abi2 (Abi1/2), Nap1, Sra1/CYFIP1 or PIR121 (CYFIP2), and HSPC300 (Eden et al., 2002) (Fig. 3A) . Similar complexes exist for all three WAVE proteins (Gautreau et al., 2004; Stovold et al., 2005) . These complexes are thought to act as trans-inhibitors, preventing WAVE from stimulating the Arp2/3 complex, although there are conflicting reports that indicate that the inhibitory complex is just as active as WAVE alone (Innocenti et al., 2004) . Nck1 and active Rac interact with Nap1 and Sra1, respectively, to release the inhibitor complex (Eden et al., 2002) . This frees WAVE, allowing it to interact with the Arp2/3 complex and stimulate actin polymerization.
Similar to the phosphorylation of N-WASp, tyrosine phosphorylation of WAVE proteins can enhance their activity. The inhibitory-complex component Abi1 plays a central role in WAVE2 phosphorylation (Innocenti et al., 2004) , because it acts as a bridge between WAVE2 and Abl (Leng et al., 2005; Stuart et al., 2006) , allowing Abl to phosphorylate WAVE2 in response to PDGF or to adhesion to fibronectin (Fig. 3A) . Initial work reported that Abi2 is released from the WAVE inhibitory complex along with Nap1 and Sra1 to allow WAVE activation (Eden et al., 2002) . However, more recent work suggests that phosphorylation of WAVE2 enhances its ability to stimulate actin polymerization, and also enables increased association between Abi1 and WAVE2 (Innocenti et al., 2004; Leng et al., 2005; Stuart et al., 2006) . This implies that Abi1 is still bound to active WAVE2, and also suggests that a positive-feedback loop exists that allows sustained WAVE2 phosphorylation by Abl. Mutation of the Abl-phosphorylation site in WAVE2 prevents enhanced actin polymerization, suggesting that a WAVE2-phosphorylation event either prevents reassociation of the full inhibitory complex or attracts additional stimulatory factors. Abl can also phosphorylate WAVE3 in an Abi1-independent manner, which indicates additional modes of interaction (SosseyAlaoui et al., 2007) .
Abl-family kinases stimulate the GTPase Rac1
In addition to phosphorylating WAVE proteins directly, Abl-family kinases can also activate WAVE indirectly by stimulating Rac. Following treatment of fibroblasts with EGF, Abl is activated and phosphorylates the dual-specificity Ras-Rac GEF Sos-1 (Sini et al., 2004) (Fig. 3A) . This phosphorylation is reduced, but not eliminated, in cells treated with STI-571 or in Abl -/-Arg -/-fibroblasts, probably because EGFR can also directly phosphorylate Sos-1. Tyrosine phosphorylation of Sos-1 is required for its Rac GEF activity, as is binding to Eps8 and Abi1 (Scita et al., 1999) , although it is not known whether Abl-family kinases are also required for the assembly of this complex.
Abl-family kinases interface with another regulator of Rac activity, the CrkII adaptor protein (Ren et al., 1994) . As described above, Abl uses its PxxP motifs to interact with the SH3 domains of CrkII (Antoku et al., 2008) , and can phosphorylate CrkII on residue Y221 (Feller et al., 1994) (Fig. 3A) . When Y221 is phosphorylated, CrkII forms an intramolecular interaction with its SH2 domain (Feller et al., 1994; Kain and Klemke, 2001; Rosen et al., 1995) , preventing interaction with p130CAS and DOCK180, which, together with CrkII, form a Rac-activating complex (Kiyokawa et al., 1998a; Kiyokawa et al., 1998b) . This suggests that Abl-mediated phosphorylation of CrkII inhibits Rac activation, yet CrkII phosphorylation is required for its localization to the cell membrane and for the activation of Rac (Abassi and Vuori, 2002) . In support of this, Abl-mediated CrkII phosphorylation is known to activate Rac in response to cell-cell adhesion (Zandy et al., 2007) and bacterial invasion (Burton et al., 2003) . It is likely that, following its proper localization, subsequent cycling of CrkII phosphorylation modulates several cellular responses. More work is necessary to decipher this pathway. It is important to remember that, regardless of how CrkII affects Rac activity, cells lacking Abl and/or Arg exhibit a reduction in membrane protrusions (Hernandez et al., 2004; Lapetina et al., 2009; Miller et al., 2004; Moresco et al., 2005; Plattner et al., 1999; Woodring et al., 2004) , suggesting that these kinases have a net positive effect on actin polymerization.
Cortactin and HS1 are substrates of Abl-family kinases
Cortactin binds to the Arp3 subunit of the Arp2/3 complex, leading to modest stimulation of actin polymerization and stabilization of F-actin filaments (Bryce et al., 2005; Weaver et al., 2002; Weaver et al., 2001) ; however, cortactin can also synergize with N-WASp to greatly enhance actin polymerization (Kowalski et al., 2005; Martinez-Quiles et al., 2004; Mizutani et al., 2002; Weaver et al., 2002) . It has long been known that cortactin is tyrosine phosphorylated (Thomas et al., 1995; Wu et al., 1991) , but the mechanistic consequences of this phosphorylation have only recently been identified. Although it was originally identified as a Src substrate (Thomas et al., 1995; Wu et al., 1991) , cortactin is phosphorylated in vitro with a lower Michaelis constant (K M ) by Abl and Arg (23 and 80 nM, respectively) than by Src (320 nM) . Cortactin phosphorylation downstream of Abland Src-family kinases is required for its ability to stimulate formation of dynamin-and F-actin-rich dorsal ruffles following PDGF treatment in fibroblasts (Krueger et al., 2003; . It is likely that phosphorylated cortactin acts as a scaffold to recruit additional SH2-domain-containing proteins to modulate actin polymerization. Indeed, Nck1 binds selectively to phosphocortactin (Lapetina et al., 2009) .
As well as being phosphorylated in response to PDGF, cortactin is phosphorylated by Arg in fibroblasts upon integrin-mediated adhesion to fibronectin, which leads to increased formation of lamellipodial protrusions (Lapetina et al., 2009 ). Arg acts as both a scaffold to bind to cortactin and a kinase to phosphorylate it, and both functions are required for the ability of cortactin to stimulate Arp2/3-mediated cell-edge protrusion (Fig. 3B ). As mentioned above, it is known that cortactin and N-WASp can act synergistically to promote actin polymerization. Abl-family kinases can also phosphorylate and activate N-WASp (see above) (Burton et al., 2005) . These observations raise the intriguing possibility that Arg employs both its scaffold and kinase activities to engage and activate cortactin, and that the Arg-cortactin complex subsequently recruits and activates N-WASp and Nck1 to further stimulate Arp2/3-dependent actin polymerization (Fig. 3B) .
Abl and Arg also interact with and phosphorylate the hematopoietic-specific cortactin homolog HS1 to stimulate actin polymerization in lymphocytes (Huang et al., 2008) . The role that this pathway plays in the reorganization of the actin cytoskeleton, both following T-cell adhesion to B cells and during chemokinestimulated T-cell migration, is discussed below. Further studies are required to determine whether Abl-family kinases, cortactin or HS1, WASP and/or WAVE, and adaptors such as Nck1 act together or in parallel complementary pathways to regulate actin polymerization.
Abl-family kinases regulate Ena/VASP protein localization Ena/VASP (Enabled/vasodilator-stimulated phosphoprotein) proteins regulate actin-filament elongation by preventing capping of the barbed end (Bear and Gertler, 2009) [1] WAVE2 (purple) is held in a trans-inhibited complex with HSPC300 (brown), Abi (orange), and Nap1 and Sra1 (red).
[2] Abl (green) uses a PxxP motif to bind to a CrkII SH3 domain (gray). Abl phosphorylates CrkII, leading to an intramolecular interaction between CrkII's SH2 domain and the phosphotyrosine residue (Y221). Phosphorylated CrkII then localizes to the cell periphery.
[3] At the cell periphery, CrkII is possibly dephosphorylated, allowing interaction with p130CAS (blue) and the Rac GEF DOCK180 (light brown).
[4] Abl also phosphorylates and activates the Rac GEF Sos-1 (light brown).
[5] Active Rac (black) interacts with Sra1, and Nck1 (dark green) interacts with Nap1, which releases the inhibitory Sra1-Nap1 sub-complex from WAVE2. It is unclear whether Abi remains bound to active WAVE2 or is released with the inhibitory sub-complex.
[6] Active WAVE2 remains bound to HSPC300, and possibly Abi, can be phosphorylated by Abl and interacts with the Arp2/3 complex (red) to stimulate actin polymerization at a nascent F-actin branch (turquoise). (B) Arg modulates cortactin-and N-WASp-mediated actin polymerization. Arg (green) uses a PxxP motif to bind to the SH3 domain of cortactin (light brown) and an F-actin-binding domain ('F') to bind to F-actin (turquoise). Cortactin interacts with the Arp2/3 complex (red) and modestly stimulates actin polymerization on a nascent F-actin branch. Following integrin (gray) adhesion, active Arg phosphorylates (P in yellow circle) cortactin and possibly N-WASp (purple), leading to a greater enhancement of actin polymerization and membrane protrusion. Arg can also use its SH2 domain to interact with phosphotyrosine residues on cortactin (not shown). Cortactin and N-WASp can also bind directly to each other, as well as to the Nck1 adaptor protein (not shown). (C) Arg modulates p190RhoGAP-mediated inhibition of RhoA. Following integrin (gray) adhesion, Arg phosphorylates the RasGAP-binding-region (RBR) of p190RhoGAP (p190; red), which then interacts with the SH2 domains of p120RasGAP (p120; light purple). p120RasGAP has phospholipid-binding domains (PH and C2), which allow the p190-p120 complex to localize to the membrane. Once in proximity to active Rho (black), p190 inhibits Rho by stimulating Rho's weak intrinsic GTPase activity. Active Rho normally activates ROCK (light brown), which, in turn, activates MLCK (light brown) to phosphorylate myosin, leading to increased actomyosin contractility. Therefore, p190 acts as a brake on actomyosin contractility.
antagonistic functions (Gertler et al., 1990) . In support of this, several studies demonstrate that reduced dAbl function leads to increased or ectopic accumulation of Ena, and this is associated with an increased size or frequency of associated actin-based structures (Grevengoed et al., 2003; Gates et al., 2007) . For example, RNA-interference-based depletion of dAbl from cultured Drosophila cells leads to increased localization of Ena to filopodial tips, accompanied by increases in filopodial number and length (Gates et al., 2007) .
The exact mechanism by which Abl-family kinases regulate Ena localization is unclear. dAbl can phosphorylate Ena on at least six tyrosine residues, and this reduces the ability of Ena to bind to SH3-domain-containing proteins (Comer et al., 1998) . These phosphorylation events are likely to disrupt interactions between Ena and a protein that tethers it to sites of action. Abl can target a single tyrosine residue in Mena (mammalian Enabled), but it is unclear whether this event alters Mena localization or its interactions with other proteins (Tani et al., 2003) .
Regulation of adhesion and contractility
Tight control over the protrusive, adhesive and contractile forces in the cell is required for productive directed movement. As discussed above, Abl-family kinases stimulate actin polymerization, leading to cellular protrusion, the first step in cell motility. Surprisingly, however, fibroblasts that are deficient for Abl and/or Arg migrate faster than wild-type controls (Kain and Klemke, 2001; Peacock et al., 2007) , and reconstitution with Abl or Arg slows these cells. Here, we describe evidence that Abl-family kinases act through the GTPase RhoA and other mechanisms to attenuate cell migration by modulating cell adhesion and contractility.
RhoA
The GTPase RhoA (Rho) is the master regulator of cell contractility (Chrzanowska-Wodnicka and Burridge, 1996; Ridley and Hall, 1992) , mediates F-actin stress-fiber assembly and focal-adhesion maturation, and stimulates actomyosin contractility that powers the translocation of the cell body forwards. Active Rho signals to Rho kinase (ROCK), which phosphorylates and activates myosin-lightchain kinase (MLCK), which, in turn, phosphorylates and activates myosin II and localizes it to actin filaments (ChrzanowskaWodnicka and Burridge, 1996) . Rho activity was originally thought to be localized only at the rear of the cell, but it is now apparent that Rho activity also cycles at the front of the cell (Pertz et al., 2006) . For a cell to sample its environment by means of membrane protrusions, local Rho activity and contractility at the front of the cell must be relieved.
The Rho-specific GTPase-activating protein p190RhoGAP-A (p190) is a substrate of Arg (Hernandez et al., 2004) , and its Argdependent phosphorylation dictates its subcellular localization and therefore its activity (Bradley et al., 2006) . The level of tyrosine phosphorylation of p190 in the adult Arg -/-mouse brain is significantly reduced compared with wild-type littermates. When Arg -/-fibroblasts are plated on fibronectin, they not only show a reduction in phospho-p190, but also a significant elevation of active Rho and increased F-actin stress fibers (Bradley et al., 2006) . p190 is known to interact with p120RasGAP (p120) (Chang et al., 1995; Hu and Settleman, 1997; Roof et al., 1998) , which contains both PH and C2 phospholipid-binding domains. Phosphorylation of p190 by Arg drives formation of the p190-p120 complex and is essential for p190 localization to the cell periphery (Bradley et al., 2006) (Fig. 3C) . Disruption of the complex by genetic loss of Arg, expression of a dominant-negative p120 or expression of nonphosphorylatable p190 prevents complex formation and proper p190 localization. Because active Rho is membrane-bound, Arg dictates the ability of p190 to inhibit Rho by modulating p190 localization. With elevated Rho activity, Arg -/-fibroblasts are highly contractile (Peacock et al., 2007) . Reconstitution of these cells with wild-type, but not kinase-inactive, Arg restores p190 phosphorylation and localization, and reduces Rho activity and contractility to normal levels.
Although Rho is one of the main stimulators of cell contractility, it ultimately signals to myosin to achieve this. A recent report identified myosin IIB as a substrate of Arg , which raises the possibility that tyrosine phosphorylation of myosin IIB is an additional way for Arg to regulate the contractile state of the cell directly. Interestingly, dAbl and myosin II were recently shown to interact functionally in the control of Drosophila growth-cone steering (Dorsten et al., 2007) . Further work is warranted to understand precisely how tyrosine phosphorylation affects myosin-IIB function and overall cell contractility.
Regulation of focal adhesions
Abl has long been known to localize to focal adhesions (Lewis et al., 1996) , yet only recently have we learned more about the role of Abl-family kinases in regulating adhesions. Interestingly, Arg -/-fibroblasts exhibit enlarged focal adhesions with altered dynamic properties (Peacock et al., 2007) . Loss of Arg leads to less frequent adhesion turnover, and an uncoupling of adhesions from the ECM. So, despite being larger than wild-type adhesions, adhesions in Arg -/-cells are not well anchored and tend to slide in large groups within the cell. This, in conjunction with increased contractility, allows Arg -/-cells to move much faster than their properly balanced wild-type counterparts. It is important to note that the loss of Arg function disrupts the balance between protrusion, adhesion and contractility, and hence the cells migrate in an uncoordinated fashion in which they cannot properly sample their environment. Occasionally, Arg -/-cells initiate migration in two directions and, because they are hypercontractile, the cells tear themselves in half (Peacock et al., 2007) . These findings underscore the importance of Arg in coordinating protrusive, adhesive and contractile forces to achieve proper directed cell migration. Future studies must focus on the molecular mechanisms by which Arg coordinates these processes in migrating cells.
Regulation of cell-cell adhesion
Cell-cell adhesion is essential for the organization and maintenance of tissue. Cells achieve this type of adhesion through specialized adherens junctions that link neighboring cells via interactions between cadherin receptors (Schock and Perrimon, 2002) . Cadherins are also linked to the actin cytoskeleton through the catenin complex (α-and β-subunits), and are regulated by Rho GTPases (Arthur et al., 2002; Yamada and Nelson, 2007; Nelson, 2008) .
Interestingly, genetic loss, knockdown or pharmacological inhibition of both Abl and Arg leads to disruption of N-cadherinand E-cadherin-based cell-cell contacts (Zandy and Pendergast, 2008; Zandy et al., 2007) . Conversely, cell-cell adhesion enhances Abl-family kinase activity through an as-yet-unknown mechanism, which leads to increased CrkII phosphorylation and subsequent Rac activation (Abassi and Vuori, 2002; Burton et al., 2005) . Recent reports indicate that Rac-induced lamellipodia are necessary for initial cell-cell contact, and that cycling of Rac activity is required for expansion and maturation of this contact (Yamada and Nelson, 2007) . One model for the role of Abl and Arg in this process includes a feedback loop in which activated Rac stimulates further Abl-family kinase activity, leading to enhanced phosphorylation of CrkII (Zandy and Pendergast, 2008) . This feedback loop might lead to a further strengthening of the cell-cell junction.
As well as activating Rac following cell-cell adhesion, Abl-family kinases also modulate Rho activity (see above for a discussion of the mechanism of Rho regulation). Disruption of Abl and Arg signaling leads to increased Rho activity and actomyosin contractility, resulting in dissolution of cell-cell contacts. Rho activity is important in generating and maintaining cell-cell adhesions, as it plays a role in the clustering of receptors and expansion of the adhesion zone (Braga, 2000; Yamada and Nelson, 2007) . Its ability to generate contractility is important for reshaping the cells, but too much active Rho is detrimental to adhesion stability, as seen in cells lacking Abl and Arg (Zandy et al., 2007) . It remains to be seen whether this Rho-modulating activity is direct (via activation of p190RhoGAP, as described above) (Noren et al., 2003; Wildenberg et al., 2006) or indirect (via modulation of another RacRho crosstalk pathway).
Direct interaction with the cytoskeleton
Abl-family kinases have the unique ability among tyrosine kinases to bind directly to the cytoskeleton. Both Abl and Arg can bind to and bundle F-actin in vitro. For Arg, both of its F-actin-binding domains (the CH domain at the C-terminus and the internal [I/L]WEQ domain) are essential for its ability to localize to and concentrate at the cell periphery (Miller et al., 2004) .
A low-resolution electron-microscopy-derived structure of Arg bound to F-actin reveals that the [I/L]WEQ domain imposes a distortion on F-actin that mimics an ATP-bound closed nucleotidebinding cleft (Galkin et al., 2005) . This distortion might be functionally important, as it might stabilize actin filaments by preventing severing by cofilin, which only binds to and severs ADP-bound actin. Arg binding to ADP-bound actin might mimic the ATP-bound state of actin, preventing cofilin binding and subsequent actin severing. Conversely, the CH F-actin-binding domain of Arg imposes a tilt to the F-actin filament, similar to cofilin. Changing the tilt and twist of F-actin filaments is thought to be one of the mechanisms by which cofilin severs actin (McGough et al., 1997; Galkin et al., 2001 ), but there are no reports that Arg severs actin filaments (Galkin et al., 2005) . Although these structural data are interesting, the functional consequences of the distortions to actin filaments when Arg is bound remain unknown.
In addition to its two F-actin-binding domains, Arg, but not Abl, contains an MT-binding domain (Miller et al., 2004) . Using these three domains, Arg cooperatively binds to F-actin, bundles it, and crosslinks F-actin and MTs in vitro. In fibroblasts, Arg is concentrated at sites at which F-actin and MTs colocalize and, given its crosslinking ability, this raises the possibility that Arg couples the two cytoskeletal structures in vivo. Arg also concentrates at sites of lamellipodial protrusion. Several studies have linked MT extension and capture at the cell periphery as a necessity for cell protrusion (Rodriguez et al., 2003) . An Arg mutant with impaired MT-binding ability still localizes to the cell periphery, but appears more diffuse, and these cells show reduced lamellipodial dynamics when plated on fibronectin (Miller et al., 2004) . These observations suggest that Arg acts as a peripheral target for MTs after their extension to the cell periphery, and that it might act as a capturing molecule. High-resolution live videomicroscopy of Arg trafficking in relation to MT and F-actin dynamics should show how Arg coordinates cytoskeletal interactions at the cell periphery that lead to protrusions.
Physiological processes that require Abl-family kinases Abl-family kinases are essential regulators of cell morphogenesis and migration in developing metazoans. In the following sections, we review physiological processes that require Abl-family kinase function for their proper execution, and explore how the diverse Abl-regulated pathways of cytoskeletal control contribute to these morphogenetic and migratory events.
Lymphocyte function
The first descriptions of the Abl -/-mouse indicated that Abl-family kinases have crucial roles in lymphocyte development and function (Tybulewicz et al., 1991; Schwartzberg et al., 1991) . Abl-deficient mice exhibit a depletion of both B and T cells, a condition known as lymphopenia. Specifically, the most severe and well-characterized lymphocyte reduction in Abl -/-mice occurs in the early pro-B and pre-B cell differentiating stages. B cells isolated from Abl -/-mice do not respond normally to cytokine or mitogenic stimuli (Hardin et al., 1995; Hardin et al., 1996) and have an increased susceptibility to pro-apoptotic stimuli (Dorsch and Goff, 1996) . Abl-family kinases are also required for T-cell development, survival and function (Gu et al., 2007; Huang et al., 2008; Silberman et al., 2008; Zipfel et al., 2004) .
Abl plays an especially important role in the formation of the immune synapse, the stable adhesive and signaling complex that forms between T cells and antigen-presenting cells. An F-actin-rich scaffold forms at the immune synapse, providing structural stability and helping to organize signaling events. Genetic loss or chemical inhibition of Abl-family kinases significantly compromises F-actin assembly at the immune synapse (Huang et al., 2008) . Lack of a functional Abl protein probably prevents HS1 from activating actin polymerization in this setting, although WAVE2 localization to the immune synapse is also compromised in these cells. It is possible that Abl-mediated phosphorylation of the adaptor protein Abi, or of WAVE2 itself, drives proper WAVE2 localization (Leng et al., 2005; Zipfel et al., 2006) . Conflicting studies in T cells in which Abl is knocked down show that WAVE2 localization and actin organization are unaltered when Abl expression is reduced (Nolz et al., 2008) . Different experimental conditions or residual expression of Abl in knockdown cells might account for this discrepancy.
Abl-family kinases also regulate lymphocyte trafficking, although this has been less extensively studied. Abl-deficient T cells exhibit reduced chemotactic responses, possibly due to deficits in the organization and persistence of lamellipodial protrusions (Huang et al., 2008) (Fig. 4A) . Defects in T-cell trafficking probably contribute to the deficits in T-cell-mediated responses, including antibody production and tumor rejection, that are observed in mice with Abl-deficient T cells (Gu et al., 2007; Silberman et al., 2008) .
Axon guidance
At the tip of developing axons, a filopodium-rich growth cone navigates the extracellular milieu by reading axon-guidance cues (molecules that tell the growth cones to stop, come closer or move away). These cues are detected by cell-surface receptors, which coordinate downstream changes in cytoskeletal and adhesive structures to steer axonal pathfinding. A clear role for Abl-family kinases in tissue morphogenesis was first described in the regulation
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of axon guidance in the developing Drosophila nervous system. In flies, dAbl is enriched in developing axons (Bennett and Hoffmann, 1992) , where it regulates the development of proper central nervous system (CNS) structure (Crowner et al., 2003; Dorsten et al., 2007; Elkins et al., 1990; Gertler et al., 1989; Giniger, 1998; Liebl et al., 2000; Liebl et al., 2003; Wills et al., 2002) . Altering Abl function can lead to defects in axon attractant responses (Forsthoefel et al., 2005) , repellent responses (Hsouna et al., 2003; Lee et al., 2004; Wills et al., 2002) , and defasciculation and turning responses (Wills et al., 1999a; Wills et al., 1999b) (Fig. 4B) , depending on the neuron type and genetic background. These observations clearly demonstrate that dAbl does not dictate a single type of growth-cone response, but coordinates diverse downstream responses to different cues.
dAbl 'wires up' the fly nervous system using biochemical mechanisms similar to those employed by Abl and Arg in vertebrate cells. Growth-cone protrusion is powered by actin polymerization at the leading edge. In response to the proper cues, dAbl can promote growth-cone protrusion by locally directing actin polymerization. In this context, dAbl interacts genetically with several key actinpolymerization regulators including Ena (see above) (Gertler et al., 1995) , profilin (Wills et al., 1999b) , the adenylate cyclase associated protein (Wills et al., 2002) and the Rho/Rac GEF Trio (Liebl et al., 2000) .
Advancement of the growth-cone central domain also requires actomyosin contractility exerted at points of adhesive contact. dAbl might modulate growth-cone advancement or contraction akin to Arg in fibroblasts (discussed above) by modulating actomyosin contractility or adhesion dynamics. Indeed, a recent study indicates that dAbl can modulate myosin-II activity to protect against improper targeting (Dorsten et al., 2007) . However, pharmacological inhibition of both Abl and Arg blocks ephrin-A5-mediated growthcone collapse, a process that is known to depend on Rho signaling through ROCK (Harbott and Nobes, 2005) . Thus, in contrast to the loss of Arg function in fibroblasts, which elevates Rho activity, loss of both Abl and Arg function might compromise Rho signaling in growth cones.
The emerging picture is that dAbl regulates axon-guidance decisions by controlling the balance of protrusive, adhesive and contractile forces within the growth cone. The balance of these forces is most probably determined by which effector pathways dAbl engages, and these are likely to be regulated by the local physicochemical environment the growth cone encounters. Although Abl and Arg can promote neurite branching (Fig. 4C ) and elongation when expressed in cultured mouse cortical neurons (Moresco et al., 2005; Woodring et al., 2002; Zukerberg et al., 2000) , specific roles for Abl and Arg in mammalian axon guidance have not yet been described.
Synapses and dendrites
Abl overexpression promotes dendrite elaboration in cultured hippocampal neurons (Jones et al., 2004) . On this basis, it was (Wills et al., 1999b) . proposed that Abl-family kinases regulate dendritogenesis in vivo. However, cortical and hippocampal dendrites develop normally in mice whose neurons lack Abl, Arg or both kinases, reaching their full mature size and shape (Moresco et al., 2005; Sfakianos et al., 2007) . Interestingly, however, loss of dAbl function does lead to a slight, but statistically significant, increase in dendrite branches in dendritic arborization (DA) sensory neurons in Drosophila .
Abl-family kinases play important roles in synapse function and stability. Abl, Arg and p190RhoGAP-A are enriched in synapses, particularly in the postsynaptic side, although some Abl and Arg might be presynaptic Sfakianos et al., 2007) . Abl -/-or Arg -/-hippocampal synapses are defective in a form of short-term synaptic plasticity that reflects deficiencies in vesicle release during closely spaced stimuli . The cellular mechanisms that underlie this defect are unclear.
Abl-family kinases also seem to be important for the organization, maturation and stability of synapses. Excitatory synapses in the brain form on dendritic spines, which are specialized F-actin-rich protrusions that emerge from the dendrite shaft. Hippocampal synapses develop normally in Arg -/-mice, reaching wild-type numbers by postnatal day (P)21. However, 35% of these synapses are lost by P31, and this reduction is followed by a commensurate loss of dendrite arbor (Sfakianos et al., 2007) . These degenerative events are accompanied by a progressive deficit in hippocampaldependent memory tasks in Arg -/-mice. After initial normal development, severe cortical dendrite atrophy is also noted in both Arg -/-and Abl -/-Arg -/-mice, which probably results from a similar synaptic degeneration (Moresco et al., 2005) . p190RhoGAP activity is decreased in Arg-deficient hippocampi, leading to an elevation of Rho activity. Exactly how elevated Rho activity causes synapse degeneration is unclear. Dendritic spines in weanling mice are heterogeneous in size and shape, but undergo a transition to a smaller, more uniform size and shape as the mice reach adulthood. Of the dendritic spines that remain in Arg -/-mice, this maturation step does not occur. Instead, the spines remain larger overall and more heterogeneous than in wild-type animals (Sfakianos et al., 2007) . These data indicate that the synaptic cytoskeleton and possibly synaptic adhesions might be distorted. The synaptic cytoskeleton organizes the postsynaptic adhesion and signaling machinery, and thus these distortions probably compromise synapse function and stability by disrupting their proper organization in Arg -/-mice. An analogous situation might occur at the neuromuscular junction, where Abl and Arg activation is required for agrin-induced clustering of acetylcholine receptors on the postsynaptic side (Finn et al., 2003) . In addition, knockout or knockdown of the Abl-Arg substrates Abi2, cortactin or Rin1 disrupts normal dendritic-spine shape, number and/or function, suggesting that Arg also acts through these substrates to regulate synapse stability (Dhaka et al., 2003; Grove et al., 2004; Hering and Sheng, 2003) .
Epithelial morphogenesis
Abl-family kinases are crucial for the proper formation and remodeling of epithelial tissues. The neuroepithelial cells that make up the vertebrate neural tube have an apical actin latticework, and constriction of this network is essential for neurulation (the process of neural-tube closure). Abl and Arg colocalize to the apical actin network in epithelial cells, where they regulate the formation of actin-rich structures (Koleske et al., 1998) . Mouse embryos deficient in both Abl and Arg exhibit gross defects in the neuroepithelial cytoskeleton. In addition to patchy disruptions of the apical actin structures, disordered actin-rich structures were found at the basolateral/marginal surface of Abl -/-Arg -/-neuroepithelium (Koleske et al., 1998) . dAbl helps orchestrate several essential morphogenetic transformations of epithelial structures in the fly. Defects in cellularization, ventral-furrow formation and dorsal closure have all been described in flies lacking both maternal and zygotic sources of dAbl (Grevengoed et al., 2001; Grevengoed et al., 2003; Fox and Peifer, 2007; Gates et al., 2007) . In particular, the coordinated cell-shape changes that are required for ventral-furrow formation and dorsal closure are disrupted in these mutants (Grevengoed et al., 2001; Gates et al., 2007; Fox and Peifer, 2007) . In both cell types, the normal continuous uniform apical actin structures are nonuniform and in some cases patchy disruptions are evident. Defects in the dynamic leading-edge processes are also apparent in cells undergoing dorsal closure (Gates et al., 2007) . As a result, both processes are disrupted or uncoordinated (Fig. 4D) .
Epithelial morphogenesis requires a precise coordination between cell-cell interactions and the dynamic assembly and disassembly of actin structures. Abl-family kinases probably influence epithelial morphogenesis by regulating both processes. The loss of dAbl function leads to excessive accumulation and abnormal clustering of Ena at the leading edges of cells undergoing dorsal closure and at the apical surface of ventral-furrow cells (Grevengoed et al., 2001; Gates et al., 2007; Fox and Peifer, 2007) . This altered Ena distribution is likely to be responsible for the observed distortions to cytoskeletal structures in the respective cell types (Fox and Peifer, 2007) . Ena dysregulation also contributes to the distortions observed in actin networks during syncytial development and cellularization in Abl mutants (Grevengoed et al., 2003) , as well as the defects in dorsal closure that result from ectopic expression of activated Bcr-Abl transgenes (Stevens et al., 2008) .
Abl-family kinases also contribute to epithelial morphogenesis by regulating cell-cell adhesion. This idea stems from the observation that mutations in the fly catenin armadillo synergize with Abl mutations to enhance CNS defects (Loureiro and Peifer, 1998) . Subsequent work has demonstrated that loss of Abl and Arg function prevents adherens-junction formation in fibroblasts (discussed above) (Zandy et al., 2007) , in part because of hyperactive Rho signaling. p190RhoGAP-A is an obvious candidate for mediating Rho suppression by Abl and Arg (Hernandez et al., 2004) . Indeed, p190RhoGAP-A knockdown disrupts adherensjunction formation (Wildenberg et al., 2006) , and p190RhoGAP-A-knockout mouse embryos exhibit defects in neural-tube formation (Brouns et al., 2000) . These defects are not as severe as those observed in Abl -/-Arg -/-embryos, but p190RhoGAP-B might play a compensatory role here. However, changes in p190RhoGAP phosphorylation during cell-cell adhesion have not been detected (Zandy et al., 2007) and this lack of resolution warrants further investigation of this issue.
Conclusions and perspectives
Abl-family kinases have received much attention since the first identification of Abl as an oncogene. Emerging evidence indicates that the kinases play an important role in several diseases, including leukemia, breast cancer, immune-system and neurological disorders, and microbial pathogenesis. Genetic studies indicate that Abl-family kinases are essential regulators of cell migration and tissue morphogenesis. Recent biochemical studies have begun to reveal the cellular and molecular mechanisms by which Abl-family kinases coordinate dynamic rearrangements in cytoskeletal structure. Together, these studies have expanded our knowledge of how Ablfamily kinases are regulated and how they communicate with specific signaling pathways. These gains will undoubtedly aid us in understanding the cellular mechanisms that underlie the different relevant disease states and, more importantly, how to proceed in developing therapies to treat these diseases.
The studies reviewed here reveal that Abl-family kinases lie at the crossroads of several intersecting cytoskeleton and adhesion control pathways. These pathways must be carefully coordinated to achieve precise biological outcomes. A major unresolved issue moving forward is whether Abl-family kinases provide a direct physical link between these seemingly distinct control pathways. In one scenario, distinct pools of Abl-family kinases are dedicated to specific control pathways within a given cell. If this is the case, how are these distinct pools managed and maintained? Alternatively, Abl-family kinases might serve as a physical link between separate signaling pathways. For instance, can the same Arg molecule both promote actin polymerization via cortactin and inhibit contractility via p190RhoGAP? Answering these questions will require the combination of high-resolution live-cell microscopy, fluorescent probes of biological activity and some cleverness on the part of researchers. We have learned a great deal over the past several years regarding how Abl-family kinases function, and the ongoing challenge is to understand when, where and how these mechanisms are employed to ensure proper organismal development and homeostasis.
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